. Elimination of the last 307-472 amino acids from the C terminus of alc by truncation of the cDNA gives rise to a Ca2+ channel with 4-to 6-fold higher ion conductance activity than the full-length form when expressed in Xenopus oocytes (22, 23) . These findings suggest that the C terminus of aic exerts inhibitory control over the activity of class C L-type channels. Truncation of aic by a receptor-mediated pathway might result in sustained changes in the activity of class C L-type calcium channels.
. Brain Ca2+ channels are composed of a pore-forming a subunit in association with a28 and 3 subunits (7) . Five different classes of al subunits (classes A-E) encoding high-threshold Ca2+ channels have been cloned and sequenced from mammalian brain cDNA (5, 8) . Classes C and D are the two major L-type channels present in the mammalian brain (9) (10) (11) and constitute an important route of Ca2+ entry into neurons (12, 13) . In most areas of the brain, L-type channels are localized in cell bodies and proximal dendrites
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 3362 (14, 15) , but in the CA3 region of the hippocampus aic is also present along the full length of dendrites (11) . Although alD is smoothly distributed over the surface of cell bodies and proximal dendrites, aic is clustered (11) (11, 20) , the short form of alc is truncated at the C terminus (20) , and the two size forms of aic are differentially phosphorylated by cAMP-dependent protein kinase in vitro as well as in intact hippocampal neurons (20, 21) . Elimination of the last 307-472 amino acids from the C terminus of alc by truncation of the cDNA gives rise to a Ca2+ channel with 4-to 6-fold higher ion conductance activity than the full-length form when expressed in Xenopus oocytes (22, 23) . These findings suggest that the C terminus of aic exerts inhibitory control over the activity of class C L-type channels. Truncation of aic by a receptor-mediated pathway might result in sustained changes in the activity of class C L-type calcium channels.
Glutamate is the predominant excitatory neurotransmitter in the nervous system due to its activation of ionotropic receptors at postsynaptic sites (24) . Glutamate receptors can be divided into three major classes by their sensitivity to the synthetic agonists AMPA, kainate, and N-methyl-D-aspartate (NMDA) (24) . NMDA receptors are usually calcium permeable, while AMPA and kainate receptors in neurons usually are not (24) . In these experiments, we show that activation of NMDA receptors in hippocampal neurons induces proteolytic truncation of the alc subunits of class C calcium channels located in the postsynaptic membrane through a pathway involving calcium influx and activation of the calciumregulated protease calpain (25) . This (20, (28) (29) (30) .
Immunocytochemistry. Adult rats were anesthetized with sodium pentabarbitol and perfused with 4% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M sodium phosphate buffer. Brains were removed, postfixed for 2 h, and sunk in 10% and 30% sucrose. Tissue for light microscopy was processed as described (11) . For electron microscopy, 80 ,um coronal sections were cut on a sliding microtome, rinsed in 100 mM Tris-HCl (pH 7.4) (TB; 10 min) followed by 0.5% H202 (30 min), 1 .0% H202 (60 min), and 0.5% H202 in TB (30 min), TB (15 min), and 150 mM NaCl in 10 mM Tris-HCl (pH 7.4) (TBS; 15 min), blocked in TBS containing 3% normal goat serum, 3% bovine serum albumin, and 0.4% dimethyl sulfoxide (blocking solution; 60 min), and incubated with affinitypurified anti-CNC1 antibody (10-20 tug/ml) overnight at room temperature. The primary antibody was visualized and the samples were processed for electron microscopy as described (31) . All (32 (20) .
RESULTS AND DISCUSSION
Postsynaptic Localization of Class C L-Type Channels in the Hippocampus. In the hippocampus, the acc-specific antibody anti-CNC1 (11) showed immunoreactivity throughout the dendritic fields of the CA2 and CA3 area and the dentate gyrus (Fig. 1A) . In the CA1 area, anti-CNC1 staining was concentrated in neuronal cell bodies as in most other regions of the brain, but a clearly detectable level of immunostaining was also observed in the dendritic field of the CA1 pyramidal neurons (Fig. 1A) . Confocal imaging exhibited a clustered distribution of the anti-CNC1 immunoreactivity along dendrites of pyramidal neurons in the hippocampus (Fig. 1 B) , as previously observed with peroxidase-antiperoxidase staining (11) . Electron microscopy revealed that these clusters of immunoreactivity are localized primarily at postsynaptic densities of asymmetric synapses (Fig. 1C) . These synapses are localized on dendritic spines (Fig. 1C) (24, 33) . Some spines were found to lack acic immunoreactivity and therefore served as internal negative controls when seen next to immunoreactive spines (Fig. 1C) . Additional negative controls included incubations with anti-CNC1 in the presence of the CNC1 peptide (not shown) and incubation without the primary antibody (Fig. 1D) . No Fig. 2 . The aIB, caic, and alE subunits of brain calcium channels were immunoprecipitated with specific antibodies, resolved by SDS/PAGE, and visualized by immunoblotting as described (21) . The amount of the long and short forms of each ai subunit was determined by densitometric scanning. The NMDA-induced conversion of the al-subunit long form into its short form as reflected by a decrease of the long form without any loss of total amount is observed for alc but not for CaB or alE. (B) Effect of NMDA on dihydropyridine binding to acc. Class C calcium channels were solubilized with digitonin (28) from hippocampal slices treated under control conditions or with NMDA as in A. Class C channels were isolated by immunoprecipitation with anti-CNC1, and specific binding of [3H]PN200-110 was determined as described (21) . (C) Effect of NMDA receptor blockers on NMDA-induced conversion of aic to its short form. alc was isolated from control and NMDA-treated hippocampal slices and analyzed by SDS/PAGE as in A. CPP (50 AuM; n = 3), MK 801 (50 A,M; n = 3), or AP5 (100 ,uM) was added as indicated 15 min before NMDA from 200-fold concentrated, neutralized stock solutions made in H20. (D) Effect of Ca2+ on NMDA-induced conversion of alc to its short form. aic was isolated from control and NMDA-treated hippocampal slices and analyzed by SDS/PAGE as inA. Ca2+ was removed immediately before NMDA addition by two washes of the slices with Ca2+-free incubation buffer (Ca2+-free wash). lonophore A23187 (10 juM) was added to Ca2+-containing buffer where indicated (A23187). All results are given as average ± SEM (n = 3-5) of relative amounts of the long form of a\c in comparison to control treatments, which correspond to 100%. sponse to NMDA-induced depolarization. This treatment should limit the effect of NMDA to postsynaptic sites containing NMDA receptors. Under these conditions, population spikes in response to stimulation of the Schaffer collaterals were inhibited during drug treatment but recovered completely after washing out both drugs ( Fig. 2A) , demonstrating that hippocampal neurons did not lose their functional integrity during NMDA treatment. Moreover, the population spike amplitude was increased by 10-30% after recovery of the slices from drug treatment and increased further over 2-3 h to 145% ± 21% of control (n = 3; P < 0.05), indicating that long-term potentiation of synaptic transmission had been induced by the NMDA treatment (see also ref. 36 ).
NMDA-Induced Proteolytic Processing of alc. The activity of class C L-type channels may be regulated by posttranslational modifications such as phosphorylation and proteolytic processing of its C terminus (20) (21) (22) (23) 37) . Since class C L-type Ca2+ channels are colocalized with NMDA receptors in the postsynaptic membrane, we tested the possibility that activation of NMDA receptors causes a structural modification of aic. Previous results indicated that the short form of alc in brain is truncated at the C-terminal end (20) . A 5-min treatment of hippocampal slices with 200 aiM NMDA causes a reduction in the amount of the long form and an increase in the amount of the short form as detected by immunoblotting with anti-CNC1, which recognizes both forms (Fig. 2B) . Quantitative analysis revealed that the amount of long form lost after NMDA treatment approximately equaled the increase of short form (Fig. 2C) , indicating that the proteolytic processing resulted in a defined modification rather than in extensive degradation of alc. Incubation with 50 or 200 ,uM NMDA decreased the long form by 40 .7% + 9.8% (n = 5) and 53.6% + 16.4% (n = 12), respectively. In a series of experiments where the long form was decreased on average by 50%, (A) Hippocampal slices were stimulated with NMDA in the presence of tetrodotoxin as described in Fig. 2 . aic was immunoprecipitated with specific antibodies, resolved by SDS/PAGE, and visualized by immunoblotting as described (28 (20, 28) . the total amount of long and short form did not show any reduction (Fig. 3A) . In addition, dihydropyridine binding to class C channels as detected after immunoprecipitation with anti-CNC1 was not reduced by NMDA treatment (Fig. 3B) . Class B N-type and class E Ca2+ channels also exist in two different size forms, which differ at their C-terminal ends and are localized along dendritic shafts and at presynaptic sites (class B) or in neuronal cell bodies (class E) in the hippocampus (21, 28-30, 38, 39) . Neither alB nor alE subunits are proteolytically processed after NMDA treatment (Fig. 3A) , showing that NMDA-induced processing of Ca2+ channels is specific for aic. Inhibitor studies confirmed that induction of proteolytic processing of aic by NMDA was mediated by activation of NMDA receptors. The competitive antagonists AP5 and CPP (40) and the ion channel blocker MK-801 (40) all blocked the effect completely (Fig. 3C) .
Calcium Dependence of NMDA-Induced Processing of aic.
Activation of NMDA receptors increases calcium influx into neurons (41, 42) . No processing of aic was detectable after removal of extracellular Ca2+, suggesting that proteolytic processing is induced by Ca2+ influx through NMDA receptors (Fig. 3D ). In agreement with this conclusion, processing of alc could also be evoked by application of the Ca2+ ionophore A23187 (10 jxM) when extracellular Ca2+ was present (Fig.   3D ). These results suggest that calcium influx through the NMDA receptor can induce the proteolytic processing of postsynaptic class C L-type calcium channels. Proteolytic Processing of alc by Calpain. The Ca2+ dependence of proteolytic processing suggests that the Ca2+-dependent cytosolic protease calpain (25) , which is present in dendritic spines (43) and is activated by NMDA (44) , may be responsible for the processing of acc. Three different calpain inhibitors (25) completely prevented the NMDA-induced processing of aic in hippocampal neurons (Fig. 4A) , consistent with the hypothesis that calpain is responsible for processing of aic. To examine whether purified calpain could specifically cleave the long form of alc to the short form, we immunopurified class C calcium channels containing the long form of aic using anti-CNC2, an anti-peptide antibody that is directed against the amino acid sequence at the C terminus of aic and specifically precipitates the long form (20) . Incubation of immunopurified class C calcium channels with purified calpain I or II catalyzed conversion of the long form of the alc subunits into the short form without extensive further proteolytic degradation (Fig. 4B) (36) , increases the activity of L-type channels in acutely exposed hippocampal pyramidal neurons (46) , and strong activation of L-type Ca2+ channels can induce a sustained increase in synaptic efficacy that resembles long-term potentiation (47) (48) (49) . Both NMDAinduced potentiation of synaptic transmission and proteolytic conversion of aic continue for at least 2-3 h ( Fig. 2A; 
